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SU^®4ARy 

An investigation of the cooling of an 18-cylinder, twin-row, 
radial, air-cooled engine in a high-performance pursuit airplane 
has been conducted for vax’iable engine and flight conditions at 
altitudes ranging from 5000 to 35,000 feet in order to provide a 
basis for "predicting high-a.ltittide cooling performance from sea- 
level or low-altitude test results. 

The engine cooling data obtained arc analyzed by the usual 
NACA cooling-correlation method wherein cj'-linder head and barrel 
temperatures are related to the pertinent engine and cooling-air 
variables. A theoretical analysis is made of the effect on engine 
cooling of the change of density of the cooling air across the 
engine (the com'pressibility effect), which becomes of increasing 
importance as altitude is increa,sed. Good agreement was obtained 
between the results of the theoretical analysis and the test data. 

It was found that the use of the cooling-air exit density in the 
NACA cooling-correlation equation is a sufficiently accurate ap'prox- 
imatlon of the compressibility effect to give satisfactory corre- 
lation of the cooling data over the altitude range tested. It was 
also found that a sea-level or low-altitude correlation based on 
entrance density gives fairly accurate cooling predictions up to an 
altitude of 20,000 feet. 


INTRODUCTION 

A method was developed by ?inl:el (reference l) for relating the 
cylindei’-wall temperatures of an air-cooled engine with operating 
conditions, cooling -air temperature, and cooling -air weight flow. 
Because pressuire drop is a more easily measurable quantity than 
weight flow and because the product of cooling-air entrance density 
(taken relative to standard sea-level air density) and pressure 
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drop Oqj^Ap is a function of tlie weight flow, this product was 
substituted for weight flow in the correlation method. This sub- 
stitution, wh?.ch was made on the basis of incompressible -flow 
considerations, has proved satisfactory for the correlation of 
sea-levcl and low-altitude cooling data, as is evident from the 
results of numerous engine -cooling investigations (for example, 
roforences 2 and 3) , For application to high-altitude flight, 
however, where the change of density of the cooling-air across tho 
engine (compressibility effects) becomes significaiit, the weight 
1 low and arc not uniquely related and consequently the sub- 

stitution is Invalidated. Erroi’s are therefore introduced in the 
picdiction of high -altitude cooling from sea-level or low -altitude 
test results when tho substitution is made. 

Some theoretical and experimental investigations of the cooling 
problems ao altitude iiave already been conducted. Reference 4 'ore- 
sents a theoretical study of the comi^ressibility effect in relation 
to aircre.ft heab -exchanger operation and provides charts whereby, 
in a series of successive appx’oximations, the compressible pressure 
drop cori’esponding to a given cooling -air weight flow, drag coef- 
ficient, and density cnange can be deteivnined. A somewhat similar 
theoi-etical a:i8.1ysis of the comi)ressibility effect in relation to 
engine^ cooling is given in reference 5, which provides charts for 
accurately debermining compressible -flow cooling-air pressure dron. 
In addition, reference 5 indicates that the compressibility effect 
can be accounted for, to a good degree of accuracy, by the use of 
the product of pressure drop and exit density. This correlation 
of cooling-air weight flow with pressixre drop on the basis of exit- 
density conditions was experimentally verified by Pratt & Whitney 
Aircraft (reference 6) in single -cylinder -engine- tests over a range 
of simulated altitudes from sea level to 45,000 feet. A similar 
3 ingle -cylinder investigation (reference 7) conducted and reported 
conciu’rcntly with the subject tests further verifies the use of 
exit density experimentally and theoretically. 

^ obtain information on the cooli.ng characteristics 

oi air-cooled engines at altitude conditions and, in particular, to 
check present methods of extrapolating to high-altitude conditions 
the data obtained from sea-level or low-altitude cooling tests, a 
flight cooling investigation was conducted on an 18-cylinder, twin- 
row, radial, air-cooled engine installed in a high-performance 
pursuit airplane. Tlie investigation consisted of flights at vari- 
able engine and fliglit operating conditions at altitudes ranging 
from 5C 00 to 35,000 feet. Tho cooling data obtained were correlated 
by the NACA method developed in reference 1 as modified to account 
for cooling -air compressibility effects. A theoretical analysis was 
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also rnade to checl: the validity of the use of cooling-air exit 
density in the correlation equation for approximating the compres- 
sihility effects. 


TEST IIBTALLATIOI'I 

Airplane and pover plant . - The engine cooling tests were con- 
ducted in a pursviit airplane on an 18-cylinder, twin-row, radial, 
air-cooled engine having a volumetric displacement of 2804 cubic 
inches. The compression ratio for the engine is 6.65, the sparic 
setting 20° B.T.C., and the valve overlap 40°. The engine is 
equipped with a single-stage, single-speed blower, which has an 
impeller diameter of 11 inches and a gear ratio of 7.6:1. A 
turhosupercharger consisting of a single-stage impulse turbine 
wheel with a 13.2-inch pitch-line diameter shafted directly to a 
15- inch-diameter impeller provides the supercharging required for 
high-altitude operation. An injection-type carburetoi' meters the 
fuel to the engine at tlie inlet face of the engine-stage blower. 

The power plant is rated as follows : 



Horse- 

Engine 

Altitude 


power 

speed 

(rpm) 

(ft) 

Normal 

1625 

2550 

29,000 

Emergency maximum 

2000 

2700 

27,000 

Take-off 

2000 

2700 


The engine power is delivered 

througli 

a 2:1 reduction gear 


electrically controlj.able four-bladed propeller having a diameter 
of 12 feet 2 inches. The propeller is fitted with shanlc cuffs and 
is not provided with a spinner hub. 

A photograph of the airplane used in the flight tests is pre- 
sented in figure 1. Figure 2 is a schematic diagram of the power- 
plant installation showing the general arrangement of the internal 
air-ducting system and the relative positions on the airplane of 
the engine, the cowling, the turhcsupercharger, the Intercooler, 
and the oil coolers. The engine cowling is of the MCA type C 
fitted with eight adjustable cowl flaps extending around the upper 
half of the cowling. A small fixed air gap between the engine 
cowling and the fuselage body extends around the lower half of the 
cowlirig to the auxiliary air-supply scoop. The opening of the 
auxiliary air-supply scoop, which supplies air to the carburetor, 
intercooler, oil coolers, and exhaust cooling shrouds, is located 
W-thin the engine cowling at the bottom of the engine. The inter- 
cooler is mounted at the rear of the airplane slightly forvrard of 
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the turbosuperchargor and is provided with two separate cooling- 
air outlets and flaps^ one on each side of the fuselage. The oil 
coolers are mounted in series with respect to the oil flow, one on 
each corner of the fuselage at the rear of the engine. 

Enf-ine cooling-air pressure measurements . - Although the tests 
included an extensive cooling-air pressure survey in which a large 
number of pressure tubes and locations were used^ only those tube 
combinations specified by recent IIACA procedures as giving the best 
indication of the average cooling-air pressures ahead of and behind 
the engine are of present interest. The tubes used for the average 
pressure indications and their locations are shown in figure 3. 

Tlie total pressure of the cooling air was measured ahead of 
the engine with open-end tubes HI, E2, Ho, and E4 located on each 
front-row cylinder at the positions indicated in figure 3. These 
tubes wore instaj.led halfway between the fin tips and the cylinder 
baffle at a point about one-eighth inch behind the tangent point of 
the baffle -entrance curl. The cooling-air static pressure behind 
the engine was measured on each rear-row cylinder with open-end 
tube P3 installed in the stagnation region behind the cylinder top 
baffle and tubes PI and P4 installed in the curl of the intake-side 
baffle. Care was taken in the installation of these tubes to insure 
that they received little if any velocity head. 

The pressure tubes were led to motor-driven pressure-selector 
valves which, in turn, were connected to IIACA recording multiple 
manometers. All pressures could be recorded in 2 minutes. 

Temperature measurements . - Cylinder-wall temperatures were 
measured with iron- const ant an thermocouples located on the heads 
and the barrels of each of the 18 engine cylinders. The locations 
and designations of these cylinder-wall thermocouples are indicated 
in figure 4 and are as follows: 

(1) At the rear spark plug with standard gasket-type theimo- 
couple T12. (See fig. 5 for sketch of gasket details.) 

(2) In the rear spark-plug boss with thermocouple T35 embedded 
to a depth of one-sixteenth inch. (See fig. 5 for details of 
installation.) 

(3) In the rear middle of the head circumferential finning 
with thermocouple T19 peened about one-sixteenth inch into the 
cylinder -wall surface 
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(4) In the rear of the barrel two -thirds of the way up with 
thermocouple T6 peened about one -sixteenth Inch into the aluminum- 
barrel muff 

(5) At the rear of the cylinder base flange with thermocouple 
T14 spot -welded at the flange 

Tlie free -air temperature was obtained from the temperatvire 
reading of a re si stance -bulb thermometer installed undei’ and near 
the tip of the right wing. The correction for stagnation -heating 
effect was determined in a separate flight calibration for various 
airspeeds . 

A survey of the temperatures in the cooling-air stream 
directly behind the engine was made during most of the fll^t 
tests. Eighteen iron-constantan thermocouples were used in this 
survey^ two in front of e8,ch of the nine intake pipes at the same 
radial distances as the middle of the engine heads and barrels. 

The intake pipes provided partial shielding of the thermocouples 
from the exhaust -collector ring. 

Tlie temperature of the charge air was measiired at the carburetor 
top deck with four parallel-connected iron-constantan thermocouples. 

All temperatures were recorded by high-speed data recorders 
consisting of galvanometers, thermocouple selector switches, and 
film-drum recorders. It -^Tas possible to record 200 temperatures 
during each run in about 3 minutes. A calibration point was 
obtained for each galvanometer during each test run by taking 
galvanometer readings of a known standard voltage; the effect of 
changing galvanometer calibration was thus eliminated. A check on 
the accuracy of the temperature records was also provided during 
each nui by recording on each galvanometer the temperature of hot 
mercury contained within a thermos bottle. 

Charge -air-we iglit -f leaf measurements . - The charge -air weight 
flow was measuu'ed during flight by venturi meters installed in the 
two parallel lines between the Intercooler and carburetor, as shown 
in figure 2, and calibrated within the charge -air ducting system 
prior to the flight tests. In addition, checks were obtained from 
the carburetor compensated metering pressure as measured during 
flight and its relation with charge -air flow as established in 
extensive carburetor air-box testa for the test range of carburetor 
pressures and temperatures. The checks obtained were within i3 per- 
cent, the deviations being of a random nature. 
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F uel-flov measureraents . - A flow-bench calibration of the car- 
b^uretor in which the fuel flow vras related to the carbinretor com- 
pensated metex’ing presavire fxumished the most direct and simplest 
method of measuring fuel flow in the flight tests. This fuel-flow 
calibration was later verified in the air-box tests, which showed 
the relation between compensated metering pressure and fuel flow 
to bo independent of the pressure and temperature conditions of the 
charge air at the carburetor top deck and also of the fuel tempera- 
ture, within the range encountered. In addition, fuel -flow checks 
were obtained with both a vane-tj'pe and a rotameter -t 5 rpe fuel flow- 
meter in several special flights covering the engine fuel-flow 
operating range. Except for a few widely erratic points, the 
checks were within +3 percent. 


Other meas^tt’ements . - Free -stream impact pressure was measured 
by a slorouded total -head tube installed on a streamline boom on 
the right wing tip. A swiveling static tube, which was calibrated 
in a special flight, was also cai’ried by the boom about 1 chord 
length ahead of the leading edge of the wing. Continuous records 
of both the impact and static pi’essures were taken during each run 
by NACA prcssunre recorders. 

A torquemeter 1 -ra.s Incorporated for measuring engine toi’quo. 

The torque was indicated on a gage in the cockpit and was read by 
the pilot . 

Engine and turbine speeds were separately recorded by revolu- 
tion comters operated in conjunction with a chronometric timer. 

Tiio engine exhaust pressure ■^•ras measured by means of static 
wall taps located on both sides of the exhaust collector ring 
upstream of the waste gate. 

Continuous records were taken on NACA pressure and control- 
position recorders of manifold pressure; charge -air pressuj?e at 
the turbo BUTJercharger outlet and at the carburetor top deck; throttle 
setting; mixture -control setting; angle of attacks; and engine, oil 
cooler, and intercooler flap openings. 


TEST EROCEDCIffl 

The flight tests were conducted, for the most part, at alti- 
tudes (based on pressure) of 5000, 25,000, 30,000, and 35,000 feet; 
a few flights irere also made at intermediate altitudes. The three 
main controllable variables during each test run at a given altitude 
were engine power, engine speed, and engine cooling-air pressure 
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drox^j in general, during each constant -a?.ti'budc flight one of these 
three variables vas independently varied while the other two were 
laaintained constant . 

The engine pcarer was controlled with tlie carburetor throttle 
at constazit engine speed and, at the high altitudes, also with the 
exhaust vraste gate through regulation of the turbosui^ercharger 
speed. The mixture control was set in the automatic --rich x)Osltion 
and the fuel-air ratio was allowed to vai-y according to the carbu- 
retor characteristics . The engine sr^eed was controlled with the 
propeller governor and the cooling-air pressure drop was controlled 
by means of the cowl -flap deflection and through charge in the air- 
plane drag characteristics (and thiis the airplane velocity and 
available ram pressure) obtained by raising and lowering the landing 
gear . 


A summaz’y of the flight test conditions is presented in table I. 
Turing each test run, in which the specified test conditions were 
held constant and tho cylinder-wall temperatures had been stabilized, 
a record vreis obtained of tho cooling-air pi-essiires and tcmxjcraturcs 
ahead of and behind the engine, the cylinder-wall temperatures, and 
the airplane and engine operating conditions. 


TETUCTION OF COOLDIG DATA 

Correlation equations . - The basic equation developed in refer- 
ence 1 for correlating the v'all temperatures of air-cooled engines 
with the engine or>erating conditions and the cooling-air temperature 
and. weight flo^<r is 


= 3 . 








All s^TDbols are defined in appendix A. 


( 1 ) 


It has been the ijractice in low-altitude cooling-correlation 
work to assiime that the weight flow of cooling air W 3 ^ is a func- 
tion of the more readily measured q-oantity and to make this 

substitution in equation (l) . The ass’jmption that is a unique 

function of Ogn'^I’ has, however, been shown by var*ious theoretical 
analyses (references 4, 5, and 7) and some test data (reference 6) 
to be inacciorate for large altitude changes. 

It is shoTO in appendix B, which presents a theoretical treat- 
ment of the relation between cooling-air weigiit flow and pressure 
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drop, that is, more correctly, a function of Oex/Oon addi- 

tj.cn to On the basis of the resiilts of ap'pendix B, eq.ua- 

tion (l) is wi'itten 


^h - 

^.<7 “ 



K, 




\penj 


( 2 ) 


"S ” "^1 (Oen^pf 

miero ^ ('^ex/^en' denotes a fuxiction of O^y/o, 


en* 


At low altitudes, the vo,riation of ^cx/'^en over the normal 
engine operating range is sufficiently small that its function may 
be considei’ed as a constant, 'jith lacgligiblo sacrifice in accuracor. 
For substantially constcnt 0^.y/oQ-^ cq.uation (2) becomes the 
familia.r correlation equation 


* ^ 
J.£i 


e 




(a^n^p) 


m 


(2a) 


W.icn a largo altitude x’ango is considered, in which case large 
vo.riations in O^^/^en encountered, it is necessary to include 

the variations of the function ^ i^ox/^erv equation (2). In 
appendix B, ^ i^cx-'^erv theoretically derived. If it is 
assumed that 


, list . K. 


V 


; 


V ^ '' 

V oru 


equation (2) reduces to 


-h - Ta L 
ni 


n 


T 



(3) 


the constants n, m, b, and IC will be evaluated from the test 
data . 


In order for exit density (as suggested in references 5 and 6, 
and as theoretically shevm in reference 7) to bo a satisfactory 
basis of cox'rolation it is necessary that b = m in equation (3), 
in which case equation (3) reduces to 
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K 


( 4 ) 


Tlie acGiiracy of the foregoing simplification will he empirically 
checked with the flight-test data. Eq.uations s:imilar to equa- 
tions (l) to (4) may also he vrritten for the engine barrels. 


Some j.nvestigators (see, for example, reference 8) helievo 
that, in order to obtain accurate correlation, the local coollug- 
an'r temperature in the vicinity of the spot on the cylinder wall 
under investigation (at the location where is measured) should 

he used instead of the entrance cooling-air temperature . In 
appendix C it is shown that the cooling-correlation equation con- 
taining the local cooling-air temperature can he transx>osed to the 
equation containing entrance cooling-air temperature; hence either 
can he used . The inlet cooling -air temperature was used in the 
correlation presented in this report because the added complication 
of deteiTDining the local cooling -air temperature did not appear 
warranted . 


Moan effective gas temperature T^,. - The mean effective gas 
temperature Tg is, for a given engine, considered a function of 
fuel-air I'atio, Inlet -manifold temperature, exhaust pressure, and 
spark timing. 

On the basis of previous correlation work, a 1'ggQ value of 

1150° F for the heads and 600° F for the barrels is chosen for the 
reference conditions of F/A = 0.03, Tjjj = 80° F, and Pg = 30 inches 
of mercury ahsolxite, and for the normal spark setting. 

Tile variation of T_ with fuel-air ratio for the sea-level 

S30 

exhaust -pressure condition is taken as that determined in previous 
cooling tests on an R-2800-21 single -cylinder engine (reference 9). 
This Ti~, variation, which iras also found to check well with the 

results obtained on other types and models of air-cooled engines, 
is plotted for the heads and" barrels in figure 6. The variation of 
Tg with exhaust pressure for the range covered in the present 

tests is included in figiore 6 and represents the results of extensive 
exhaust -pressure tests conducted at Clevcio-nd on an R-2300-5 engine. 
Inasmuch as the engine normal spark timing i;as used tliroughout the 
tests, the effect of this variable is not required for analysis of 
the cooling test data. 
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The correction applied to ^ggQ obtain Tg Tor values cf 
Tjj, other than 80“ F is given as ATg = 0.8 (Tjj, - 80) for engine 
heads and ATg = 0.5 (T^ - 80) for engine barrels. The dry inlet - 
manifold temperature T^, is calculated i’rom the carburetor inlet - 
air temperature and the theoretical blower temperature rise, 
assuming no fuel vaporization. This relation is given as 


For the engine used in the present investigation, eq.u.ation (5) 
reduces to 


Cylinder temperatures . - The value of cylinder-head tempera- 
ture T-|^ used in the primary correlation is talcen as the average 
for the 18 cylinders of the temperature indications of the thermo- 
couples peened into the rear middle of the heads (T19 in fig. 4); 
the barrel temperature T^ is talcen as the average of the temper- 
ature indications of the thermocouples peened ‘Jnto the rear of the 
barrels (T6 in fig. 4). Final correlation curves based on the rear- 
spark -plug-gasket arid boss embedded -thermocouple readings (T12 and 
T35 in fig. 4) are also presented to permit cooling comparisons 
with the results of other investigations. 

Cooling -air temperatures . - The entrance cooling-air tempera- 
ture Tg^ is taken as the stagnation air temperature ahead of the 
engine as calculated from the free -air temperature and the aiiTt^^^® 
velocity measurements. 

The exit cocling-air temperature, which is required for cal- 
culation of the exit density, was obtained for about 90 percent 
of the tests from the avoi’age of the temxierature indications of 
the thermocouples located in tho cooling-air stream behind the 
engine, the values for the engine -head and engiiie -barrel cooling 
air being separately averaged. These data were correlated by means 
of a relation developed in appendix D, which resui.ts in a single 
curve involving the cooling-air pressure dr*op s.nd the ratio of the 
tempers-turo I'ise of tho cooling air AT to the tomperaburo differ- 
ence between the cylinder head and the entrance coding air Tj^ - Tg_. 
In the correlation of the cooling-test data, the exit cooling-air 
temperatures for all the tests are calculated from this cu.rve. 



( 6 ) 
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Cooll nR-alr pressure drop and density . - The average cooling- 
air pressui’e drops across the engine heads and barrels are separately 
determined as the difference het'^reen the average total pressure ahead 
of and the average static pressure behind the engine heads or bar- 
rels . 


The average for the front -row cylinders of the readings of the 
tubes designated HI, H2, and II3 (fig. 3) is taken as the average 
pressure in front of the engine heads; the average of the readings 
of the tubes H4: is taken as the average pressvire in front of the 
eiigine ban-els. 

The average static pressure behind the engine heads is obtained 
froiD the average fox- the rear-rcnr cylinders of the readings of 
tubes PI and P2; tubes P4 are used for obtaining the average static 
pressitce behind the engine barrels. 

The entrance density of the cooling air is calculated from the 
stagnation-air temperature and the total -pressure values ahead of 
the engine; conversion into enti-ance density ratio uade 

simply by dividing by the standai'd sea-level density value 
(0.0765 Ib/cu ft). The exit density of the cooling air is calcu- 
lated from the exit-air-temperatui-e and static -pressure values 
behind the engine and is converted into exit density ratio Oqx 
by dividing by standard sea-level density. 

Although the exit density is readily calculated from the 
mcas'a-ements of temperature and pressiu-e made in the flight tests, 
its evaluation for use in predicting cooling performance from an 
established correlation is not direct inasmuch as it involves a 
knowledge of the temperat'ore rise and pressure drop of the cooling 
air across the engine. A method of calculating the exit density 
for use in cooling pi-edictions is given in appendix E . 


Constants m, n, and Kj. - Tiie exponents m and n of C^en^P 
and Wq, respectively, and the constant Kj are detennined from 
the cooling data obtained at a constant Oex/'^en practical 

purposes, at a constant altitude) by means of the familiar corre- 
lation procedure expressed in eq.uation (2a) . 


The function ^ (Jex/o en) » ~ order to check the validity of 
the theoretically dei'ived equations (3) and (4), the function 

i^ex/o en)^ which i-epresents the effect of cocling-alr compressi- 
bility in the generalised correlation equation (equation (2)), is 


experimentally determined by plotting 


^ ■ Ta (Opj^^Ap) 


m 


m ' m 

^g ■ ^h 


W, 


IT 


against 
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Oex/^en fi’om the data obtained at the different altitudes. In 
order to minimize the extraneous effects resulting from differences 
in engine operating conditions that may not correlate accurately 
and may therefore mask the less sensitive effects of the cooling- 
air density change, data are selected, in the construction of this 
plot, for a narrow range of engine operating conditions (1200 and 
1500 bhp; engine speed, 2550 rpm; fuel-air ratio, 0.12). In addi- 
tion, in order to increase the over-all accuracy of the plotted 
parameters through reduction of the random percentage errors 
associated with the tests, the values of the parameters for the 
individual runs of each variable cooling-air pressure flight (five 
to six runs per flight) are averaged to give one plotted xjoir-t per 
flight . 


RESULTS AND DISCUSSION 


Determination of constants m, n, and Kj. - The detexmiiiiation 


of the exponent m on 


where plots of 


Tv, - T. 




(equation (2)) is shown in figure 7 


T> 


and -it 


Tv - Ta 


n 


Tg - Tb 


against 


^en^P 


are made from 


the data obtained at an approximately constant Oqx/ % n value of 
0.83 (constant altitude of 5000 ft) in flights that were each con- 
ducted at substantially constant charge -air weiglit flow, fuel-air 
ratio, and engine speed with variable cooling -air pressure di‘op. 
Lines with the best -fitting constant slope are dra*.m through the 
plotted values for each of the flights. The common slope, which is 
the negative value of m in equation (2), is -0.35 for the engine 
hea.ds and -0.43 for the engine barrels. 


A cross plot from figure 7 of the values of 


Th - 


against charge -air weight flow 


Tg - Ti, 

or a constant 


and 


^en^P 


T - Tv 
g t 

value of 12 inches of water for the heads and 9 inches of water for 
the barrels is presented in figure 8. Included in this figure are 
the cooling results obtained in a single flight conducted for vari- 
able charge -air weiglit i’loir at an approximately constant 

va3.ue of 0.83 and J Ap values of 12 and 9 inches of water for the 

6X1 

heads and barrels, respectively. The plotted values for the vari- 
able charge -air -flow flight fall in with the points taken from the 
cross plot of figiu-e 7. These points determine a slope of 0.60 for 
the heads and 0.43 for the barrels, which are the respective values 
of n (equation (2)) for the engine heads and barrels. 
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The values of 



'^h ” ^8- 


0.60 


and 


T 


h 


T, 


a 


Tg - Tb, 


vr 


0.43 


as cal- 


culated from the data obtained in all the flights conducted at 
0.:>-v/^or. oi* a’pproximately 0.83 (altitude, 5000 ft), are plotted in 

fi£;,ure 9 against the corresponding values. A line vith 

the previously detenained slope -m (-0.35 for the heads and -0.43 
for the barrels) is drawn to best represent the plotted values. 

The correlation equation, which represents the correlation line 
drawl in fig-are 9 for Oex/Oen of 0.83, is expressed as 


LO^BO 
Tg - Th/ ^ 


(a^n^p)°-55 


(7) 


For the engine barrels 


T^ - T 


a 


^g ■ ^b/ 


W, 


0.43 


0.8£ 


(OgnAp) 


0.43 


(B) 


It is noted that the constant of 0.42 in equation (7) and 0.85 
in equation (8) are equal to Kg (^eyj general corre- 
lation expression (equation (2)) and to Kj in equation (2a). 

Deterraination of function ^ (Oex /^en) » " In. accordance with 

T* — T ( O A*P ) ^ * 

equation (2) the values of averaged for each 


T. 


^h W, 


0.60 


S "c . . . 

f3.ight at constant engine conditions b'ut variable cooling-air 
pressure drop aro plotted in figure 10 o.gainst the corresponding 
Oex/Oen values. The plotted points define a variation of increasing 
p'(Oo 7 ./Oen) w:'th decreasing OexAcn thus indicating the detri- 
mental effect of cooling-air compressibility on engine cooling. 

This effect is the well hnoim altitude effect, which, for constant 


'■h 


_ fp 



■ ihy 

increased altitude, 


is reflected as an increase 


en - 


rcouirement with 


Curves describing the theoretical variations 
of M^erJ^c-n) ^ex/^en^ determined in appendix B, are 
incl-aded in figure .10 for com-parison. Agreement with the exper.l- 
mental results is indicated. 

It is evident that the exponent b In equation (3) is equal 
numerically to the slope of a straight lino through the points in 
figure 10. A lino having a slope of -0.35 (the negative value of 
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the exponent m of in equation (7)) is drawn through the 

point representing the data at an altitude of 5000 feet. This line 
gives a good representation of the test data and also of the theo- 
retical c'.irves and is arbitrarily chosen as It permits simplification 
of equation (3) to equation (4) . 

The correlation equation for the cylinder heads obtained from 
figure 10 is 


'^h “ *^a /, r 0.60 


0.39 


(Oen‘P)°-“ C^j 


0.35 


0.39 

(^ex^P) 


0.35 


(9) 


It is noted that the constant of 0.39 in equation (9) is the test 
value of K in eqiiation (4). When ^ex/^en is set equal to 0.83, 
(value for tests at an altitude of 5000 ft), equation (9) reduces 
to equation (7) . 


Atteraijts to determine the function ^ (^ex/^erJ cyl- 

inder barrels by the foregoing method were unsuccessful because of 
the large scatter of data, which mashed the effect of the fvmction 
/ (Oex/Oen) cn the barrel, cooling. In the cori’elation of the 
barrel data presented in the subsequent section it will be assumed, 
however, tliat the function ^ (Ocx/Oqh) for the barrels is similar 
to that for the heads and that the exponent b is equal to the 
va.lue of m for the barrels (0.43). 


Correlation of all data on basis of a^^^p. - The values of 

'i'h " '^a /,, 0.60 , ^b " ^a /,. 0.43 ^ ^ ,, , 

/W„ and \J„ calculated irom the data 

T-Ti/° T-Tv/° 

•‘•g ■‘•h / ■‘■g, b/ 

obtained in all the flight tests covering a range of altitudes 
from 5000 to 35,000 feet (equivalent to a range of Ogx/Oen from 
0.83 to 0.62) are plotted in figtire 11 against the corresponding 
JgxAp values. The correlation line given by equation (9) for the 

engine heads is indicated in figure 11. It is readily evident that 
this single correlation line well represents both the low-altitude 
and the high -altitude cooling data. Tlie best line with the previ- 
ously determined slope of -0.43 is drawn through the plotted va.lues 
for the barrel. It is evident tliat for the data on the barrel the 
agreement between the x^lotted values and the line is only fair at 
the high-altitude conditions but that no defjnite conclusions can be 
drawl because of the large data scatter. The equation tiiat describes 
this line is 
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^ L 0.43 

Tg -~Tb/ 


0.77 



( 10 ) 


Correlation of all data on basis of ~ The variable - 

altitude cooling data is plotted against Oen^P figure 12 
wherein cotaparison is made with the correlation line given for 
‘^ezc/^en equal to 0.83 (5000-ft altitude) by equations (7) and (8) 
for the engine heads and barrels, respectively. It is seen that 
because of the test variation of ^ex/^eri} which is not accounted 
for by the correlation line, the test points obtained at the high 
altitudes, although quite scattered, tend to fall slightly above 
the correlation line and show a definite trend of increasing devi- 
ation with increase in altitude. This general grouping of tho hJgh- 
altitude data points above the 5000 -foot correlation line again 
indicates a greater <7oriAp requirement at the higher altitudes. 
Even for as hlgli an altitude as 35,000 feet, however, the deviations 
are only of tho same order as the spread in the test points. 


An examination of the plotted points in fig\ire 12 indicates 
that a single line with a slightly higher slope than the correlation 
line for constant ^ex/'^en can be drawn to fit satisfactorily al3. 
the data. This apparent data correlation can be explained with 
reference to figure 13, which presents, for the same data as in 
figure 12, a plot of Oezz/^on against ^en^^ logarithmic 
coordinate paper. It is noted that, although the relation between 
Oex/^en *^on^^ actually different for the different alti- 

tudes, the bulk of the data for the entire altitude test range can 
be roughly represented by a single relation expressed as 
a_/a_ = K. (o_Ap)a. The use of a single relation is made possible 

©it O ©Ix 

in this case only because of the operational limitations of the 
engine -airplane combination that causes a shift in operating range 
of ^Q-ri^V with altitude; for example, at an altitude of 5000 feet 
(Oex/^en ” approximately 0.83), a range of ^g,^Ap of approximately 

4 to 20 inches of water was covered in the tests, whereas at an 
altitude of 30,000 feet i^cx/^on ~ approximately 0.75), tho 

OcnAp range is approximately 1.5 to 5.5 inches of water. Substi- 
tution of (a£.nAp)® for O Qx/o QYi and tho value of m for b 
in equation (3) reduces the right-liand term of this equation to 

ICg/(ag^Ap)”^^^®\ which gives m(l+s) as the slope of the line 
best cbrrelatj.ng the plotted points in figure 12. Inasmuch as tho 
establishment of this correlation is dependent on tho variation 
obtained in tho tests of ^qx/^oxi ^en^^^ applicable. 
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for use in -predictions^ only -when the operating conditions satisfy 
the test relation between and Ogn^^^* correlation 

is therefore of no reliable aid in altitude and pressure -drop 
extrapolations . 

C o rrelatlon of average re ar-sparh-plu g- boss and gasket temper - 
a tures . - Inasmuch as the cooling of airc??aft engines is frequently 
evaluated on the basis of the rear -spark-plug -boss and gasket tem- 
peratiires, the correlation results based on these temperature 
readings (T35 and T12 in fig. 4) ai’e presented in figures 14 


respectively^ against and Jg^^Ap. It is of interest to 

know, as an indication of the accuracy of the general test results, 
that the correlation line for the rear-spark-plvig-boss temperature 
checks within an average accuracy of 10° P with that obtained in an 
NACA test -stand investigation of a similar multicylinder engine. 

Altitude cooling predictions from sea-level correlation. - A 
comparison of the cooling obtained at altitude, as predicted by the 
cooling-correlation line based on (equation (9)) with tliat 

indicated by the sea-level cooling-correlation (actually 5000-ft 
altitude) line based on Ci^pAp (equation (7)) is sho-sm in figure 16 
as a plot of average head temperature T19 against altitude for con- 
stant engine conditions and t-^ro constant values of cooling-air 
pressure drop (10 and 20 in. of water) . The difference between the 
curve based on ^i^-d that based on O^^Ap amounts to 9° F at 

20,000 feet, 13° F at 30,000 feet, and 36° F at 50,000 feet, when 
the cooling -air pressure drop is 10 inches of water. For a cooling- 
air pressure drop of 20 inches of water, differences of 9*^, 20°, 
and 60° F are obtained for 20,000, 30,000, and 50,000 feet, respec- 
tively. 

The magnitude of the errors introduced when predicting high- 
altitude pressure -drop requirements from the low -altitude correla- 
tion line based on '^gv^Ap rather than Og^Ap is illustrated in 
figure 17, which presents, for a given set of constant engine 
operating conditions, the cooling -air pressure -drop variation with 
altitude as calculated by both coi-relations for maintaining an 
average head temperature of 400° F. Erroi-s in cooling-air pressure 
drop of 1, 2, and 14 inches of mter are indicated for 20,000, 30,000, 
and 50,000 feet, respectively. 

Figures 16 and 17 indicate tliat altitude predictions from a 
sea-level correlation based on Oen^I' fairly accurate up to 


and 15 as plots o; 
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20,000 foet but that the error increases so rapidly with further 
increase in altitude that the correlation based on a Ap should 
be used at the higlier altitudes. 


C0NCLUSI0M3 

The results of engine-cooling fliglit tests conducted on an 
18-cy].inder, twin-row, radial, aii’-cooled engine in a pursuit air- 
plane for a range of altitudes from 5000 to 35,000 feet show that: 

1. The effect of cooling-air compressibility on the cooling 
characteristics of air-cooled engines can be accounted for, to a 
good degree of accuracy, by the use in the WACA cooling correlation 
method of the cooling-air pressure drop based on the exit rather 
than the commonly used entrance density. The use of exit density 
is further rationalized theoretically. 

2. A sea-level correlation on the basis of entrance density 
gives fairly accurate results up to an altitude of 20,000 feet. 

For higher altitudes, however, the use of exit density wherever pos- 
sible is recommended inasmuch as the error resulting from the use 
of entrance density increases at a rapidly increasing rate with 
altitude. 

3. For an illustrative set of constant engine operating condi- 
tions, the errors involved in predictions made from the low-altitude 
correlation based on entrance rather than exit density amount to: 

(a) Average head temperatures of 3°, 13°, and 36° F for a con- 
stant cooling-air pressure drop of 1C inches of water at 20,000, 
30,000, and 50,000 feet, respectively. 

(b) Cooling-air pressure drops of 1, 2, and 14 inches of water 
for an average head temperature of 400° F at 20,000, 30,000, and 
50,000 feet, respectively. 


Aircraft Engine Research Laboratory, 

national Advisory Committee for Aeronautics, 
Cleveland, Ohio, May 9, 1946. 
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AI'PENDIX A 
SYMBOLS 

All symbols used in the text and the appendixes are defined 
here in alphabetical order for convenience of reference. 

A outside -wall area of cylindei- head, sq in. 

Cjj epecific heat of air, 0.24 Btu/(lb)(°F) 

f cylinder free -flow area ratio 

F cylinder friction factor 

Fp cylinder friction factor at Og^^Ap = 1 in. of water 

F/A fuel -air ratio of engine charge 

g acceleration of gravity, 52.2 ft/sec^ 

h heat-transfer coefficient fx^om outside wall of cylinder head 

to cooling air, 3tu/(sq in. ) (*^F) (sec) 

J mechanical equivalent of heat, 778 ft-lb/Btu 

N engine speed, rpm 

p absolute pressixre of cooling air, in. Eg 

Pg engine absolute exhaust pressure, in. Eg 

Ap cooling-air pressure drop across engine, in. water 

Apj. cooling-air preasui’e drop due to shin friction within cyl- 

inder interfin passages, in. water 

^Pjjj cooling-air pressux-e drop due to momeutum change of cooling 
air across cylinder, in. water 

Tg^ cooling-air temperature ahead, of engine, °F 

cooling -air temperature at rear of engine, °F 

T-jj cylinder -barrel temperature, °F 

Tq carburetor inlet -air temperature, °F 
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Tg mean effective gas temperatTire, °F 

effective gas temperatiire connected to a drj inlet- 
manifold temperature of 80° F 

cylinder -head temperature, °F 

Tjjj dr;' i:ilet -manifold temperatiire, *^F 

AT cooling -air temperatui’e rise across engine, °F 

U tip speed of engine-stage blower, ft/sec 

Y cooling -a?,n velocity within interfin passages, ft/sec 

V7g_ cooling-air weight flow across engine, Ib/sec 

Wq engine charge -air consumption, Ib/sec 

p cooling -air density, Ib/cu ft 

a density of cooling air relative to standard air density of 

0.0765 Ib/cu ft, p/C.0765 

Subscripts : 

en at cylinder entrance 

ex at cylinder exit 

av average condition beti/een entrance and exit 

Coirelation constants: 

^ 1 ^ ^ 1 ^ ^ 4 ^ ^ 5 ^ ^^6 

Correlation exponents: 
n, m, r, r', b, s, x, y, Z 
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APPENDIX B 


THEOPETICAL DEEIVATION OF EFFECT OF COOLING-AIR -DSITSITY 
CHANCE ON ENGUffi COOLING 


An expression will be derived for the coding -correlation equa- 
tion in which account is taken of the effect on the cooling-air 
pressure drop of the change in cooling -air density from the front 
to the rear of the cylinder. From this expression and the test data 
at low altitude (5000 ft) an equation is obtained by means of which 
the cooling of the engine at any altitude may be predicted. 

In the derivation of the expression for the cooling-air pressure 
drop^ aiJBplif ications are made that have been found to Ditroduce a 
small inaccuracy. 


Simplified pressui-e-drop equati on . - With reference to figure 18, 
the pressm’e losses across an engine cylinder can be divided and 
expressed as follows t Entrance loss (station 0 to station l) 


AP. 


en 


5.2g 


Pen^en"^ 


(1 


( 11 ) 


Skin-friction losses within the cylinder interfin passages, 
tion 1 to station 2) 


Ap^ = 


P V 
•^av av 


5,2g 


(sta- 


or, based on the entrance conditions and exit -entrance density ratio 
(Og^y is taken as the aritlimetic average of and 


^l^f ■ 5.2g 2 


1 Pon^en^ 2F \ 


* j 

^en/ 


Momentum loss (station 1 to station 2) 

"" 5.2g 


(To^ - T.r.) 


( 12 ) 
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or 




1 Pen^en^ '2 
5 . 2g 2 I Ogx 
Vo 

<en 



Sxit-pres3ixre recovery (station 2 to station 3) 


( 13 ) 


Ap 


ex 


Pex^ex^ 

5.. 2g 


("er. 



or 




_ 1 Penmen 

5.2g 2 



(14) 


The total pressure loss across an engine cylinder is given by th§ 
S’.unmation of the component losses as 


^en sen 

Comparison between the values of pressure drop computed from eq.ua- 
tlon (15) and from the more rigorous methods of reference 5 indi- 
cated a maximum difference of 10 percent for extreme conditions 
with respect to present cylinder and operating conditions. 


2(f2-f) 


a 


(15) 


/ 


ex 

^en 


1 PenVen^ 
5.2g 2 


C ooling-correlation equation including compressibility effect. 
The simplified pressiure-drop equation when solved for which 

is proportional to Pen^en^ can be vncitten as 


Wa = ; 




(l-f2) + 



" 2 ( 1*2 - f) 
Qqx 
^ en 


17^ 


(16) 


Substitution in the basic cooling-correlation equation (equa- 
tion ( 1 )) results in 
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Th - T. 


K-, 


a 




(1 . . _2I_ . 2 . Ufpzil 


1 + 


-■ex 


<?ex 


^en ''^en y 


_®2£ 

^en 


r/2 


W, 


n 


k(a^^Ap) 


V2 


( 17 ) 


Multiplying "both sides of equation (17) ty (a Ap)“ gives 


en 


Ki 


(l-f2) 


■ - /-L. _i\ + 2^ 


+ 2 , 




Th-Ta 
Te-Th w" 


m 


^en '^Pen / 


lc(aenAp) 


\ yen 

r-/2 


Oex 


■"en _ 


(13) 


TD 


The friction factor F is proportional to the 0.2 power of the 
cooliiig-air EejTiolds number for turbulent flow tlirough the cylinder 
interfin passages. Because of this small variation of F with 
Eeynolds munber, the following simplifications in the determination 
of an expression for F are permissible: 

(a) The viscosity in the Eeyno3.ds number parameter is assumed 
constant . 

(b) The mass flow in the Eeynolds number parameter is taken 

1/2 

as proportional to (Ogj^Ap) ' . 

With these simplifications F can be uritten: 


. 0.1 


F = Fi(agnAp)'"^ (19) 

where Fp is the value of F at OgnAp equal to 1 inch of water. 
Combination of equations (I8) and (19) gives 


Th - Ta (Oe^Ap)^' _ Ep 

Tg - Th u k 


(1-f^) + 


1 + ?— 
^en 


0.1 


.2i£hii 

f rr __ \ n __ 


■"ex 


"en 


"ex 

^en 


(OgnAp)' 


2D3 

r 


r/2 


( 20 ) 
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The left-hand side of eq.uatiorL (20) when equated to a constant is 
recognized as the usual form of the NACA correlation relation 
(equation 2(a)); the right-hand side introduces the effect of 
change in constants Fq? f.» and r in 

equation (20) will he evaluated from the laiown air-flow character- 
istics of the engine cylinder and from the low-al.titude test data 
(5000 ft) at which condition the vali'.e of Oex/Oen '^^as found to he 
effectively constant at 0.83 for a wide range of operating condi- 
tions. 1/iien the values of these constants are inserted in equa- 
tion (20) this equation may be used to predict the cooling at other 
values of ^ox^^^en corresponding to any altitude and operation. 


Evaluation of constants of equation (20) . - 

(a) The friction factor Fp is determined as 0.9 from air- 
flow and pressure -loss data obtained at sea level in single -cylinder 
tests on an E-2300-21 engine. 

(h) The value of free -flow area ratio f is taken as 0.1 as 
estimated from meamarementa on an E-2600-21 engine. An accurate 
value of f is not required as the terms involving f are small 
compared with the other teims in the numerator of the right-hand 
side of equation (EO). 


(c) The values of Kp/k and r are determined from the 
cooling -test data obtained for Jex/^^en (5000-ft 

altitude tests) in the following manner: 

For Og^c/^en "to 0.83, equation (20) must reduce to 

equation (7). Thus, 


Ki 


(l-f2)+ ^ 


0.1 


1 + 0.83 


a r_j_ . hfifi 

Vo. S3 y 0.83 


pr/2 


k 




1 - 


2m 


= 0.42 (21) 


On substitution of the numerical values of Fp and f, eni^ 
rearrangement, equation (21) becomes 


n 1 y' ■ 'v 2 /r 1 2m 

1.134 + 0.S84 (Og^Ap)^*-^ = (0.42 (a^^Ap) ‘ ^ (22) 

When the left-hand side of equation (22) is plotted against j Ap 

6X1 

on logarithmic coordinate paper, the slope equals the exponent 1- ^ . 
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Figure 19 preoents this plot and indicates a value for 1 - -jr of 

-0.04. The value of r, as calculated from this equality and the 
experimental value of m (indicated by equation (7) as equal to 
0.35)^ is found to be 0.67. The ordinate in figure 19 at Ogn^p 

equal to 1 inch of vater gives the value of (0.42 

K, V V ^ 

from which — g is calci-lated to be 0.52. Wien the foregoing 

values are substituted for the constants and exponents, equation (20) 

becomes 


as 2.2 


Th-'Ta (Oen^ P) 
Tg-Th 


0.35 




0.60 


:0.32 


0.99 + 


1.8(aenAp) ,^1 

+ 2 / 

I ^ex 


-0.18 


1 + ^^ 

^en ^en 


^ex 


^en 


(a^^Ap) 


0.04 


0 .335 


(23) 


The value of n = 0.60 


altitude. Tlie quantity 


is obtained from the test data at 5000 -foot 
Th - T,, (a_Ap)°*35 


en 


Tg - Th 


W. 




is computed from 


equation (23), which ifas established from the theoretical analysis 
and. the cooling test data at Og^r/Ogn "to 0.83, and is plotted 

as dashed lines in figm-e 10 against Oex/Oen for two extreme- 
values of O Mp(0,5 and 20 in. of water) . It is noted that Og^Ap 


introduces negligible spread in the curves, which indicates that 
Oej,Ap is of small significance in the right-hand side of equa- 
tion (23) or its generalized form (equation (20)), and hence, that 
equation (23) can be approximated by equation (2). 


24 


MCA TN No. 1089 


APPENDIX C 


JUSTIFICATION FOE USE OF INT.ET COOLING-AIR 
TElIPSPA'JNEffi IN COEEETATION EQTJATIONS 

Tlie following derivation is presented to show the validitv of 
the use in the correlation eq^■ations (for example, equation (l)) 
of the inlet cooling-air temperature instead of the local cooling- 
air temperature in the vicinity of the location at which the cyl- 
inder temperatime is measured. 

If the cylinder temperature at the real’ of the head is under 
investigation then, on the basis of local cooling-air temperature, 
the correlation equation (l) would te '(vritten 


Tg - Th/ ° 


VL 


(24) 


where the exponent r' differs numerically from the exponent r 
in equation (l) . 


From equations (28) eind (29) developed in appendix D 

^2 ^ - Ta) 


T„ = AT = -2. 


(25) 


V 


Vlhen Tj. is eliminated from equation (24) hy means of eqiiation (25), 
there results 


Th - Ta - 


^2 A - Ta) 


Kc 


(Tg - Ti,) 


W. 


Rearrangement of terms gives 


(26) 


Th - Ta 

Tg - Th 


W. 


% 


W, 


a 


1 - 


kg A Wa 


(x-1) 


(27) 
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It is noted that, for a given engine installation, the right-hand 
side of eq.uation (27) is a function only of and can he approxi- 

mated within the limits of the variation of Wg of interest in 
engine cooling by Kp/Wa_^. Eq,uation (27) then becomes 


which is the same as equation (l) and simileir in form to equa- 
tion (24) . It is thus evident that use of the inlet cooling-air 
temperature instead of the local cooling-air temperature merely 
results in a cliange of the constant and cooling-air exponent j.n 
the corre3.ation equation. 

If the assi'imption is made tiiat the temperatijre rise of the 
cooling ail"* to any given location around the cylinder as a per- 
centage of the total temperature rise is constant for all oper- 
ating conditions, then the same transformation from local -air 
temperature to inlet -air temperatxire as shown by equations (24) to 
(28) can be made for any local cylinder temperature. 



(28) 
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APEEWDIX D 


ENGHE COOLING-AIR TEIIEEEATURE: -RISE EQUATION 


For convenience in cooling predictions, the engine cooling-air 
temperature rise is related to the other known cooling variables by 
equating the heat absorbed by the cooling air to the heat trans- 
ferred from the cylinder walls to the cooling air. Thus, 


Wa Cp AT = h A (Th - Ta) 

(28) 

Because 

h = k2 (Wa)^ 

(29) 

and 

Wa = k3(agxAp)^ 

(30) 


solution for 


A T 

Th - Ta 


can be mde in terms of CqjMV) 


‘•h 


AT _ , 


(Og^A?) 


y(x-i) 


'■a 


(31) 


The value of the exponent y(x-l) is found from the test data 
to be 0.16 for the cylinder heads and 0.095 for the barrels. Because 
of the low values of this exponent, satisfactory correlation of 


AT 

Th - Ta 


with Ogj^Ap 


should also be obtainable; the use of 


rather than is preferred in the = relation because 

ii a 

the results can then, in some applications, be more directly used 
with the correlation equation at little sacrifice in accviracy. Thus, 
for all practical purposes 


_S-_ . %(cJe„4p)^ (32) 

■^h ■ -^a 

Plots of — — and — ^ against Og^Ap made from the 

^h ■ ■ Ta 

cooling-test measurements are presented in figure 20 for the engine 
heads and barrels. The use of figure 20 for making altitude engine - 
cooling predictions is illustrated in appendix E. 
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APFEIJDIX E 


HIGH-ALTITUIE ENGINE -C 001, HTG PREDICTION 

The use of a^^Ap in the cooling-correlation equation, as 

GX 

required for accurately predicting cooling at altitude, introduces 
the troublesome problem of evaluating 0^^. This problem is com- 
plicated by the fact that is not directly obtainable from 

the atmospheric pressure and tem'peratui’e values (including the 
corrections due to ram) as is the case with Og^^ but fiarther 
involves the engine heat rejection and cooling-air pressure dro'o. 
For this reason, simultaneous solution for jgj^ and of the corre- 
lation equation is required; as direct solution is difficult, 
recourse is had to solution by the method of successive approxi- 
mat ions . 

The correlation relations that must be established in the low- 
altitude or sea-level engine -cooling testa for subsequent use in 
the determination of the cooling obtained at the high altitudes 
are, for the purpose of review, tabulated as follows: 

1. The correlation equation (equation (4)) graphically repre- 
sented for the subject tests by the correlation lino of figure 11 

2. The Tfy relation described by the curves of figure 6 

*^80 

3. The cooling-air temTieratm-e-risc equation (equation (32)) 
graphically represented in figure 20 

The quantity Og^r/Ogn. given by the general gas law 



V ^ 460 

Pgn + 460 




AT 

+ 460 


(33) 


The quantity is calculated from the entrance cooling -air 

pressure and temperature. The quantity Og^ can be computed from 
by means of equation (33). 


For the purpose of illustrating the method of obtaining simulta- 
neous solution of the foregoing pertinent relations to determine the 
cooling obtained at altitude, two typical problems are herein assumed 
and solved in step-by-step fashion. 
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Calculation of cooling-air pressiire-drop requirements at alti- 
tude , CG-ae 1 . - 

The following operating conditions are assumed: 


1. Engine charge -air consumption, Ih/sec 3.5 

2. Fuel -air ratio of charge 0.100 

3. Dry inlet -manifold temperature, '^F 250 

4. Erxgine exhaust pi-essiire, in. Eg at solute 30 

5. Altitude of operation, ft 35,000 


for which, including ram corrections, 

Ta = 6° F 

Pg^ = 8.46 inches of mercury absolute 

It is required to find the cooling-air pressure drop Ap for satis- 
fyiiig the cooling requiremont for an average rear-middle head tem- 
perature (T19 in fig. 4) of 400*^ F. 


6. From figure 6 for items 2 end 4 

T„ = 1000° F 
®b0 

7. Correction of T to a dry inlet -manifold temperature of 

250° F gives ®80 

T„ = 1000 +0.8 (250 - 80) = 1136° F 

O 

3. From items 5 .and 7 for = 400° F 


^h ~ '^a 

Tg - 


400 - 6 
1136 - 400 


0.535 


9. From items 1 and 8 


^h ~ '^a 0.60 ^ 0.535 

I's ° 


0.252 


10. From item 9 and equation (9) (or fig. 11) 


a„.^Ap = 3.5 inches of vrater 
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Solution for is now required and involves the method of suc- 

cessive approximation. 

As the first approximation, assume 

^en ~ *^fex 

11. Solution for 0^^ from itesi 5 and the standard sea-level air 
conditions of a pressure of 29.92 inches of mercury absolute and 
a temporatiure of 519° E gives 


O = X 519 ^ 0.315 

en 29.92 466 

12. From items 10 and 11, the first approximation value of Ap is 


Ap = = 11.1 Inches of water 

0.315 

13. For 0^„Ap = a_^Ap = 3.5 inches of water (ass’jmptlon in first 
approximation solution), figure 20 gives 


14. 


15. 


AT 


“•h 


T, 


a 


0 . 386 


Thus from item 5 (T^ = 6° F) for Tj^ = 400° 

AT = 0.386 X 394 = 152° F 
From equation (33) and items 5, 12, and 14 


F 


'^ex 

^en 


11.1 

13.6 X 8.46 _ 


1 + 


152 

466 


Q«90 4 ^ 0.682 
1.326 


which is the second approximation value of • 

16. As the second approximation for Ap, from items 10, 11, and 15 


rr 

Ap = nii! = 16.3 inches of water 

0.315 X 0.682 

17 . From items 11 and 16 

a An = 0.315 X 16.3 = 5.14 inches of viator 
en - 
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18, From figure 20 for item 17 


AT 

Th - Ta 


0.36 


19. Thxis from item 5 for = 400° F 


AT = 0.36 X 394 = 142° F 
20, li^om equation (35) and items 5, 16^ and 19 


^ex 

Oen 


^^3 

13.6 X 8.46 


1 + 


^2 

466 


0 .858 

1.305 


0.658 


which is the third approximation value of 0 /j . 

0X1 

Thus, as the third approximation for Ap 


Ap = = 16.9 inches of water 

0.315 X 0.658 

Eecalculation for gives a value of 0.654 as compared with 

0.658 obtained in the third approximation. It is evident that the 
value of Og^/Ogj^ converges very rapidly and that a third approxi- 
mation for Oex/^eri) thus for Ap, is sufficient. 

The pressure -drop value of 16.9 inches of water obtained in the 
foregoing calculations compares with 13.6 inches of water, which 
would be given by the correlation based on Ogj^Ap (equation (7)). 

Calculation of average head temperature obtained at altitude, 
case 2. - It is assumed that, for the conditions given in items 1 
through 5, a cooling-air pi’essure drop of 10 inches of water Is 
available for which it is desired to calculate the resulting head 
tomperatur*e . 

21. From item 11 and for Ap = 10 inches of water 

Og^Ap = 3.15 inches of water 
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22. From figure 20 and item 21 


= 0.39 

■ Ta 

23. As a first approximation, assume = 400° F 

Then, from items 5 (T^ = 6° F) and 22 

AT = 0.39 X 394 = 154° F 

24. From items 5, 23, and eguation (33) 


O 0^ 13.6 X 8.46 

^en ^ 154 

^ 466 


0.915 

1.33 


0.686 


25. From items 11 and 24 and for An = 10 inches of ;rater 


O Ap = 0.315 X 0.686 X 10 = 2.16 inches of water 
ex 

26. From equation (9) (or fig. 11) and Item 25 


Th - To / 0.60 ^ 

JL 1 \J„ = 0.298 

^’g " / 

27. From items 1, 5, 7, and 26 

Tj^ = 44-2° F 

28. As the second appi’oxiraation, let 

Th = 442° F 

Tiien from items 5 and 22 

AT = 0.38 X 436 = 170° F 


22. From items 5 and 28 and equation (33) 




10 

3.6 X 8.46 ^ 0.91 5 ^ 0.668 
1 70 1 • 365 

466 
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30. If^ora items 11 and 29 and for Ap = 10 inches of irater 

Og^Ap = 0.315 X 0.668 X 10 = 2.10 inches of -vTater 

31. From equation (9) (or fig. 11) and item 30 


Th - Ta /„ 0.60 


=,0.301 


32. From items 1, 5, 1 , and 31 

= 446° F 

which checks very closely with the second approximation value and 
is therefore the required va.lue. 

The derived Tj^ va.lue of 446° F compares with 426° F, which 
would he obtained from the correlation based on 0 „_At) (equa- 
tion (7)). ^ 
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TABLE I - SUMMARY OF FLIGHT TEST CONDITIONS 


Altitude 

(ft) 

Engine 

power 

(bhp) 

Pressure 

drop 

(in. 

water) 

Engine 

speed 

(rpm) 

5,000 

800 

Varialil© 

2550 

5,000 

1000 

— do — 

2550 

5,000 

1300 

— do 

2550 

5,000 

1500 

— do 

2550 

5,000 

800 

Constant 

Variable 

5,000 

Variable 

do — 

2550 

5,000 

1100 

Variable 

2550 

5,000 

Variable 

Constant 

2550 

5,000 

1000 

--.♦do--- 

Variable 

5,000 ' 

Vai'iable 

Variable 

2550 

7,000 

2000 

---do--- 

2700 

10,000 

1500 

do 

2550 

10,000 

1000 

do 

Variable 

15,000 

1100 

---do--- 

---do--- 

25,000 

1000 

do 

2550 

25,000 

1100 

do 

2550 

25,000 

1000 

do 

2550 

25,000 

1500 

do 

2550 

25,000 

1800 

---do--- 

2700 

25,000 

Variable 

Constant 

2550 

25,000 

1000 

Variable 

2550 

25,000 

Variable 

do 

2550 

25,000 

— do — 

Constant 

Variable 

30,000 

1300 

Variable 

2550 

30,000 

1500 

---do--- 

2550 

30,000 

1100 

do 

2550 

30,000 

Variable 

Constant 

2600 

35,000 

1200 

Variable 

2550 

35,000 

1200 

---do--- 

1 

2550 
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Figure I. - Airplane used in the engine-cooling flight investigation. 
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Figure 2. - Power-plant installation in the test airplane. 
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Figure 3. - Cylinder total-head and static-pressure tube locations. 
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Fig. 4 
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R ® s p a r k - p I ug embedded thermocouple 
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Figure 5# --^Details of the rear-spark-plug-boss and gasket 
the rmocoup I e s . 
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Figure 6.- Variation of mean effective gas temperature with fuel-air ratio and 
exhaust pressure. 


Th - Ta 


NACA TN NO. 1089 


Fig. 7 
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Figure 7. - Variation of and ^ with cooling-air 

g h g b 

pressure d rop for various constant charge-air flows at 

altitude of 5000 feet. 
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Figure 8»- Variation of 
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air weight flow W^. at constant cooling-air pressure drop 
of 12 and 9 inches of water for heads and barrels, respec- 
tively, at altitude of 5000 feet. 
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Coollng-alr pressure drop, C^n^p, In. water 



Coollng-alr pressure drop, water 

Figure 9* - Cooling-correlation curves based on entrance density for engine heads 
and barrels at altitude of 5000 feet. 
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10.- Test variation of the compressibility function 
omparlson with theoretically determined variation. 
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Figure 11.- Cooling-correlation curves based on exit density for engine 
barrels for altitudes from 5000 to 55,000 feet. 
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Figure 12.- Cooling-correlation curves based on entrance density for engine heads 
and barrels for altitudes from 5000 to 35,000 feet. 
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Fig. 13 
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Figure 13,- Variation of O^x/^en coollng-alr pressure drop CJ^n^P 

altitudes from 5000 to 35,000 feet for engine heads and barrels. 
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Coollng-alr pressure drop, CT^nAp, in. water 



Figure 14e - Cooling-correlation curves based on rear-spark-plug-boss embedded thermo- 
couples for exit and entrance density for altitudes from 5000 to 35,000 feet. (Curves 
drawn to best fit all data. ) 
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Figure 15. - Cooling-correlation curves based on rear-spark-plug-gasket thermocouples 
for exit and entrance density for altitudes from 5000 to 35,000 feet. (Curves drawn 
to best fit all data. ) 
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Figure 16. - Calculated variation In average head temperature with altitude based on both entrance and exit density 
for pressure drops of 10 and 20 Inches of water. Engine power, 1625 brake horsepower; engine speed, 2400 rpm; 
charge-air weight flow, 3.5 pounds per second; Army summer air. 
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Pressure drop, Ap, In. water 



Figure 17. - Calculated variation of pressure drop with altitude necessary to maintain constant head temperature T19. 
Engine power, 1625 brake porsepower; engine speed, 2400 rpm; charge-air wel^t flow, 3.5 pounds per second; fuel-air 
ratio, 0.10; Army summer air. 
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Figure 18, - Diagram of cooling-air flow path across an 
engine cylinder. 
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Figure 20.- Variation In coollng-alr temperature 
drop (J~en^P engine heads and barrels. 
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